PREFACE
The project to develop a prototype instrument to determine sorption by stored chemical protective garments in the field was sponsored by the U.S. Army Natick Research, Development and Engineering Center. Contract nAAK60-85-C-0076 under the Small Business Innovative Research (SBIR) program covered work from August 1986 to January 1988 to produce a first prototype for a portable tester. Jointly under toterials Testing Technology program task AM86 9427, an improved second prototype was developed by Tracer Technologies, San Diego, CA, contract DAAK60-89-C-1019, and a nondestructive cell was added by Natick, who correlated the instrument's performance with the carbon tetrachloride Dawson acceptance test for sorptive protective material, specified in MIL-C-43858. A sample drying system which permits testing at high ambient relative humidity was installed by Industrial and Biomedical Sensors Corp., waitham, MA. Higher sorptive capacity of activated carbon materials such as the impregnated polyurethane foam (Type III fabric MIL-C-43858(2)) in the Battledress Overgarment (BDO) affords extended protection against toxic vapor and against the more concentrated challenge of liquid droplets. MIL-C-43858 requires a minimum carbon tetrachloride sorption for Type III fabric of 1.8 milligrams per square centimeter. A six-hour agent vapor test applies only 0.07 milligram HD per square centimeter. The agent vapor breakthrough time for BDO is greater than 150 hours.
It is convenient to test the BDO uniforms with a volatile simulant that can be applied as concentrated vapor to shorten the test time (3) . Carbon tetrachloride, boiling point 76 °C, is used at a concentration of 5 milligrams per liter, as carpared to mustard, boiling point 217 °C, at 20 micrograms per liter. A 150 hour mustard vapor challenge is simulated by a 36 minute carbon tetrachloride challenge. Although the molecular weights are the same, there is a greater accumulation of sorption at breakthrough for the less volatile mustard gas, but only at dry conditions. It is fortuitous that cumulative sorption at breaktime for mustard at 80%RH and for dry carbon tetrachloride are the same (4).
Concocting a known challenge of vapor is accomplished by bubbling air or nitrogen through liquid agent or simulant in a constant temperature (ice) bath at a regulated low volume flow rate and then diluting it with a regulated high flow at 90 °F (32 °C). Constant carrier flow regulation is attained with precision electronic mass flow controllers.
For the design of a portable sorption tester, Tracer Technologies obtained a very low-flow mass flow controller to regulate a pure vapor, as an alternate method for producing a known vapor concentration flow. The Phase I effort (5) demonstrated the feasibility of using as a volatile surrogate for carbon tetrachloride (CC1 4 ) the nontoxic halocarbon 1,2 dichlorotetrafluoroethane (Freon( R > 114), b.p. 4 °C. In preliminary tests with premixed dilutions, the same penetration profile was followed by these two simulants. With this behavior of a gas at room temperature, repetitive automated tests may be accomplished routinely.
INSTRUMENT DEVELOPMENT
Development of the prototype Portable Sorption Tester was undertaken in modular fashion. The following discussion will present the basis for the instrument, description of the functional modules, and discussion of the problems encountered.
INSTRUMENT DESCRIPTION
The instrument contains three major subsystems. These are the flow controller, detector, and microprocessor controller. A schematic diagram of the major components is presented in Figure 1 . Discussion will begin with the detection method, as development of the flow control system was dictated by detector requirements.
THERMAL CONDUCTIVITY DETECTOR
A thermal conductivity detector is used.to measure breakthrough penetration of the Freon 114. The detector consists of a heated resistive element placed in a flow stream. The resistive element in this instrument is a microbead thermistor. Heat is conducted away from the thermistor when it is struck by gas molecules, which rebound r with increased kinetic energy. The amount of heat loss is proportional to the nuiriber of molecules striking the thermistor in a given time.
Two matched thermistors are placed in separate flow channels and configured as a simple resistive bridge (Figure 2 ). With constant flow of carrier gas through each channel, a baseline or reference voltage will appear across the bridge. If one channel is maintained as a reference and challenge gas introduced into the other, the bridge will become unbalanced due to cooling of the thermistor in the sample stream when vapor breakthrough occurs. The resultant differential voltage is amplified and filtered before being sent to the analog to digital converter portion of the microprocessor controller. The Phase I instrument ( Figure 3 ) maintained a constant reference flow and switched the sample channel between purge and challenge. This resulted in long equilibration times when fabric was inserted into the sample holder as ambient air was introduced into this channel. Additionally, a rise in response followed by exponential decay was noted after fabric was inserted into the sample cup. This was believed due to desorption of lightly bound contaminants.
The Phase II instrument solves this problem by use of a two channel sample holder, which allows exposure of both detector channels to equal conditions. This results in niinimum perturbation of the baseline when the sample holder is opened and fabric inserted, since the thermistors are in a differential configuration.
At a Freon 114 challenge of 150 milligrams per liter, the tests give about three minute breaktime for dry Type III fabric. Samples that have been exposed to humid air are found to not sorb to full capacity, requiring that these samples be dried. Samples exposed to 100% RH atmosphere for 4 hours and 24 hours gave 17% and 70% lower Freon 114 sorption values, respectively (6) . Although the overgarment is stored with drierite packets in an airtight bag, a programmed hot air flush cycle is added to the Tracer prototype for use in the field. All components are assembled into a transportable unit, which requires a 110V ac source. 
CHALLENGE SOURCE AND FLOW OCWEWX
In the Phase II instrument an internal challenge source is obtained by use of scrubbed, dry air drawn in by a small diaphragm pump. The pump output is connected to a mass flow controller, which will maintain constant flow under all operational conditions and can be controlled by the microprocessor in response to operator input.
The output of the flow controller is split into two equal flow channels. Each of these channels passes through the sample holder and on to the detector. One of these channels is connected to the challenge source flow controller.
Phase I results indicated that for a one inch diameter sample area, a challenge rate of 5 milligrams per minute would allow characterization of average fabric in less than 5 minutes. As a result, halocarbon 114 was diluted to a concentration that would realize this challenge rate at a volume flow of 50 mL/min. Creating this mixture using a small cylinder of pure halocarbon 114 allows thousands of tests before replacement is required.
Several methods to supply the appropriate challenge rate from a small cylinder of pure halocarbon were investigated. The major difficulty was controlling a low-pressure gas at a flow rate of less than 1 mL/min. Permeation tubes were quickly eliminated as their temperature sensitivity and requirement for periodic gravimetric calibration rendered them unsuitable.
Pulsed sources were investigated next, with the belief that small bursts of pure gas could be mixed thoroughly to provide the required challenge rate. This was demonstrated using a multiport valve containing an internal volume of 100 microliters. This volume was injected into a carrier stream every 6 seconds, resulting in a net 1 mg/min flow. This approach was abandoned for two reasons: an unsuitably limited lifetime of the valve and the availability of a new, very low flow, mass flow controller from the same vendor supplying the air-flow controller.
The advent of this controller solved several control and measurement problems allowing the use of a pure halocarbon reservoir containing sufficient challenge for thousands of tests; however, substantial effort was expended in working with the vendor to solve some early production problems. A different model was developed and used in the second prototype tester.
MICROPRDCESSOR <XNIW3LI£R/DAIA SYS1EM
All measurement, control, and operator interface aspects of the Phase II instrument are under control of a microprocessor. The microprocessor/controller is a single board computer compatible with the existing IBM PC architecture. A 12-bit data acquisition system board is connected to the address/data bus of the microprocessor. This board (DAS-16, Metrabyte Corp.) consists of sixteen 12-bit analog-to-digital converter inputs and two 12-bit digital-to-analog outputs.
The analog-to-digital (A/D) portion is used to measure temperature, detector output, and the output of each flow transducer. The digital-to-analog (D/A) portion is used to set the mass flow controllers to the desired operating point. Once set, the controllers are closed-loop devices. The flow signal is read by the microprocessor to confirm proper operation.
A two line, fluorescent alphanumeric display provides operational information and prompts the operator during the testing process. A 16-character keypad is used for operator input.
A thermal printer-plotter prints a sumrary of default operating conditions and system maintenance needs each time the instrument is powered-up. During a test run, test conditions, date, time, and other information are printed at the start of the run. The run is then plotted, stripchart fashion, during the run. When the desired breakthrough level has been reached, the run terminates and the total challenge amount and time are printed.
The response of the detector at various flow rates and temperatures was determined and correction factors established by regression of the data. In each case, the correlation coefficients were greater than 0.97. As a result of software algorithm corrections for both temperature and flow rate, runs are presented full scale regardless of these parameters. . In the second prototype the detector temperature was maintained constant at 50 °C.
SOFTWARE
The heart of any microprocessor-based instrument is the software. Accordingly, development of the operational software for this device was one of the major challenges encountered in instrument development. The goal was a final turnkey product for use by minimally trainod poreonnol. Thio doeiro led to numerous eoftworo revisions to make the operation as foolproof as possible.
All software was written in Turbo Pascal (Borland International) and compiled into a stand-alone program. This program and all supporting software (Autostart, for example) were programmed into Read Only Memory (RCM), in order that computer control would be established on power-up. Additionally, battery-backed Static Random Access Memory (SRAM) was included for storage of maintenance information, default operating parameters, and challenge remaining in the reservoir.
Some modifications to the instrument were anticipated by Natick. Specifically, a nondestructive sample holder of Natick design replaces the one provided with the instrument. In order to allow evaluation of operational parameters of total flow rate and challenge rate, more flexibility and operator control were incorporated in this software version than would probably be warranted in a device routinely used in the field.
For the second prototype, provision has been made for setting the internal clock/calendar. After several years the battery will be replaced by the local operator; the software required to reinitialize the system (as supplied by the memory board vendor) has been incorporated into the operational software.
In prototype I the penetration range available for choosing breaklevel was 20 to 70% of challenge concentration. Since Natick tests showed the value taken at 5% penetration corresponds well to the specification test and is also reproducible, the lower limit of the range that can be printed was set at this value for prototype II.
THE NONDESTRUCTIVE CELL
A nondestructive cell was designed that allows insertion of an area of intact BDO garment for sorption tests. This cell avoided the need to use cut samples from the charcoal liner. Various cell seal designs were tried in aluminum mock cells with air inlet but no outlet. The seal was tested by taming the fall of water under air pressure in an arm of an enclosed tank, which was connected to the cell. Loads of 50 to 100 pound-inches could be stably applied on a cell situated § under a fixed lever arm, by hanging weights from the end of the arm.
It was not possible to seal off an area of the double layer 7 oz/sq yd twill, 90 mil charcoal-impregnated polyurethane foam material with elastomer O-rings. Immediate leaking was always found with elastomer gaskets or O-rings between flat cell surfaces. A groove in one cell half to fit a protrusion in the other half could not be fabricated with the necessary close fit, and more complicated designs having offset grooves and protrusions with O-rings were not attempted.
The double layer material could be sealed by placing it between glass pipes and wrapping a Schott pipe connector around the joint. With the material pressed along one of the pipes, the metal banded connector with Teflon W and Hypalon' R ) lining could be screwed as tight as necessary. Faster mounting is needed for routine, simple closure of a double sample cell. Seal was also obtained between mismatched standard taper glass connectors by means of hand pressure.
Tapered mock cells of aluminum could be simply tested by connecting to a balloon filled with air. The necessary closure force was applied by an Instron tensiometer in compression mode. The successful design, holding the balloon inflated for 30 minutes, was a mismatched taper, with an elastomer gasket against the foam side only. Initial problems with wrinkles were removed by makinc; the cup depth shallow. A 4 cm diameter cell rim required 120 lb, and a 5 cm diameter cell rim required 200 lb. The mismatch of the tapers reduces the contact area to a narrow ring, increasing the compression. The seal results from compression of the foam. For a ring width greater than 1 mm the foam is not broken and the compression of the foam is reversible.
The final stainless steel double cell is shown in Figure 4 . A tool jig is used to push a crossbar evenly onto two spring mounted shafts attached to the top cell halves, the bottom cell halves being supported on a steel plate. A band is machined out near the top rim of the bottom cells to hold a gasket, slightly inset. A matching aluminum mold was made for forming tapered gaskets. Silicone gaskets proved too limp and fragile; butyl gaskets performed well. 
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The assembled cell and portable sorption tester are shown in Figure 5 . Figure 5 . The nondestructive cell mounted in tl^e portable tester.
OPERATION AND EXAMPLE RUNS
Operation of the Portable Sorption Tester is accomplished bypressing keys in response to visual prompts on the display panel. Complete operating and maintenance instructions may be found in Appendix A.
When the instrument is initially turned on, the printer will summarize the operational parameters retained from the previous operation. The two consumable items, halocarbon and activated carbon scrubber,, are Summarized so that replacement can be made prior to actual testing.
The preset (default) challenge flow and total flow values are then printed. These may be changed for the duration of power on through the normal operation menu and reset on next power-up. These values may also be changed to power-up defaults through the maintenance menu.
10
The following is an actual printout of the operational surtroary: Challenge rates used in preliminary tests with Natick foam ran«ged between 1.5 and 3.0 mg/min. This was accomplished by adjusting the total flow between 100 mL/min and 200 mL/min. Comparisons of 50% breakthrough times indicated that at this setting breakthrough occurred at a constant total mass exposure.
The Phase II prototype instrument allows adjustment of both the total flow and challenge rate. The variability of breakthrou«gh with respect to these flows was investigated as the challenge flows are higher and total flows lower than for the preliminary tests. Changing the challenge rate from 3 mg/min to 4 mg/min while maintaining total flow at 75 mL/min resulted in an increase for the total challenge at 70% breakthrough, from 27 to 28 mg, which is within experimental error.
When the challenge is held at 4 mg/min and the flow is reduced from 75 mL/min to 50 mL/min, the total challenge at 70% breakthrough increased from 28 mg to 33 mg. This apparent 18% increase in sorption was found in prototype I. Later, tests at Natick revealed that a similar increase in sorption was found for about one third of the foam sanples from stockpiled overgarments, when they were retested under a cover fabric such as a piece of unimpregnated foam. Reproducibility of those samples that had not shown the usual invariability was then attained. The problem of channelling the challenge flow through foam is prevented in prototype II and in the Natick nondestructive cell by sintered steel diffuser plates. Figure 8 . Twenty-five samples fron stockpiled overgarments were run twice, after overnight regeneration in an airflow oven at 95 °C. Sorption per square centimeter at 5% penetration breaklevel was calculated by dividing cumulative challenge at breaktime by 9,0 square centijneter sample area, unusually heavily loaded foams enhance the correlation; when the heaviest sample is excluded, correlation of two runs falls from I?-.98 to R 2 «.95.
CORRELATION WITH STANDARD TEST

Reproducibility of Freon 114 tests carried out in the portable sorption tester with a nondestructive cell is shown in
•z o To correlate the dynamic sorption capacities for Freon 114 measured with the portable sorption tester and for CC14 with the standard Dawson apparatus, the same samples were used for each simulant. The average of two runs for each simulant on regenerated samples is plotted in Figure 9 . The correlation fell from R 2 =.94 to .84 when the heaviest sample was excluded. Sorbed carbon tetrachloride can be completely removed by overnight treatment in the 95 °C air flow oven, giving reproducible Dawson values. Care was taken in sealing Dawson cups without using wax so that samples might be retested: a butt gasket was used around the five-inch sample, between upper and lower gaskets of slightly smaller I.D. As shown in Fig. 9 , Freon 114 sorption at breaktime is 1.48 times greater than CC1 4 sorption. Both the higher relative pressure for Freon 114 challenge than CC1 4 challenge ( Table 1 ) and detection of CCl^ penetration at a lower concentration using starch-iodide detection of cumulative CCI4 penetration contribute to this result. The low challenge concentration used for nonvolatile HD also is a higher relative pressure challenge than for GCI4. There is a drop in Dawson CC1 4 sorption after samples have been dried in an oven. A typical example is shown below (Fig. 10) . Deliberate remoisturization of the sanples recovers or enhances the original sorption values. Ihere is no simple relation between moisture pickup and enhancement, and whether this phenomenon is a true sorption difference or is due to interference with detection by moisture is still being questioned. It has been observed by dynamic 0C1 4 tests with copper flame or static tests with CC1 4 weight uptake detection methods. Figure 12. linearity of sorption vs sample weight for samples taken from the same roll of material.
CORRELATION OF PORTABLE SORPTION TESTER WITH DAWSON
EFFECT OF DRYING SAMPLES ON DAWSON CCI4 TESTS 4-
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SUMMARY AND OCNCUJSICNS
A turnkey instrument for determining sorption in chemical protective garment materials has been delivered by Tracer Technologies to Natick. Six problems were solved to achieve the goals of proof of validity, fast throughput, and portability: I Eliminate requirement for external carrier gas source.
Devise internal, low-pressure challenge vapor source.
Design double-stream system to measure penetration over background.
Prevent temperature-induced instability.
Automate measurement procedure to require minimum operator intervention and data interpretation.
Assemble into a transportable unit.
Evaluation of the portable sorption tester by Natick showed average test time is only three minutes, reproducibility is reliable, and correlation with the standard Dawson test method is satisfactory.
A heated air column sample drier and software for valve switching were installed by Industrial and Biomedical Sensors, Waltham, MA. The unit can thereby be used at ambient humidity without extra precautions to keep samples dry.
A sample holder was installed by Natick for nondestructive testing of intact chemical protective uniforms in the field. Cell leakage is eliminated by means of automatic application of sufficient force by a jig and is monitored by a meter at the flow outlet.
OPERATION AND MAINTENANCE
The Tracer Technologies Portable Sorption Tester is an advanced prototype device, which allows evaluation of protective properties of carbon-based fabric. A nondestructive sample holder and a sample drying attachment have been installed, which permit testing of CP overgarments in the field.
The instrument is a relatively portable, easily operated device, which uses a nonhazardous halocarbon gas as the challenge agent. Consumables are easily replaced in the field. The instrument is self-calibrating. Operator intervention consists of a minimal amount of keypad response to several prompts, and insertion of the fabric under test. Once a test is begun, its progress is plotted on a stripchart with all run parameters recorded.
Field service requirements are minimal, consisting of printer paper change, indicating desiccant change, air scrubber change every 500 hours of operation, and halocarbon reservoir change. The halocarbon reservoir contains sufficient challenge for several thousand tests at maximum challenge rate.
INITIAL SETUP
Remove the top lid. Place the instrument on a flat surface that can support the closing force you will apply on the sample holder.
The pump/filter module is stored in the top lid. Unfasten the spring-loaded slide bolts and place the pump within five feet of the main instrument. There are an air supply line and a power cable to connect the pump to the main unit. Uncap the drying tube inlet.
There is a power cord connected to the main unit. Electrical connection requires 110-120 volts at 60 hertz alternating current.
The instrument is shipped with the valve on the stainless steel halocarbon cylinder closed. The valve must also be closed if the halocarbon reservoir is to be changed, if the instrument is moved, or when the instrument is not being operated for several weeks.
FBCNT PANEL CCN3B0LS
Only two controls are present on the front panel. These are the power button and keypad. The keypad is a 16-button cluster containing the 0-9 digits, decimal point, hyphen or minus sign, backspace (left pointing arrow), ENTER, and a stop key ("S"). One key is not used. All keyboard responses are terminated by pressing the ENEER key, except for the stop key, which is active only during a run.
The POWER button will only turn the unit on. The microprocessor/controller will turn the device off after proper shutdown operations are accomplished. Do not disconnect the power until the shutdown procedure has proceeded to completion. Premature power disconnection may result in improper setting of f lowmeters and valves, which can result in several hours of unstable operation on subsequent power-up.
OPERATION
Close the sample holder (do not install fabric at this point) and press the PCWER button. The puitp will be heard to start and after a few seconds, a PLEASE STAND BY .. DETECTOR WARM-UP message will appear on the display, and will remain a few minutes while the detector temperature reaches 45 degrees Celsius.
After warm-up, the operational stores, consisting of the calculated grams of challenge remaining in the reservoir, and the number of hours the charcoal filter has been in operation, will print out. The printer will also list the default volume flow in mL/min and challenge rate in mg/min. The operator will now be prompted MAINTENANCE RUN? (1=Y / 2=N) . If the instrument is used daily, answer no; answer yes if the instrument has been idle for several days or if the halocarbon reservoir is replaced. In either case the valve on the halogen reservoir will have been closed and must be opened at this time. Cpen the valve by rotating it counter-clockwise several turns.
Failure to fully open this valve could result in improper operation of the mass flow controller. Answering yes begins a dialogue for SELF-TEST? which compares response of the mass flow controller to a set point; this Jshould be done if the instrument has been ifale for a few days.
CHANGE CHALLENGE CYLINDER? which allows replacement of the cylinder, and entering of the halocarbon weight into memory. Flush the system after a halocarbon cylinder change by making 2 or 3 runs at 90% threshold.
ESTABLISH RESPONSE? which determines the response scaling factor i for the challenge rate and total flow rate; it also ' should be run after a few days' nonuse, and weekly \ with use. It is necessary after a halocarbon Answering yes returns to the beginning of the dialogue, and answering no begins the power shutdown procedure.
MWING OR SHIPPING THE UNIT
Close the halocarbon cylinder valve. Halocarbon liquid must not enter the tubing connecting to the flow controller or it will be blown into the controller when the solenoid valve opens. Replacement of this low flow mass flow controller would require a major expenditure. The longer tests with dry CCl 4 vapor on samples exposed briefly to high ambient relative humidity are not affected as much by moisture in the carbon as are the very short tests that are run in highly concentrated Freon 114 vapor. Reproducibility of tests in the portable sorption tester required that samples be dried/ ^ stored in a desiccator, and measured when the ambient relative humidity is lower than 50%.
The sample drying attachment schematic is shown in drying mode in Figure B -l. After the sample has been placed in the sample holder, a twelve-port Valco* valve first flows air directly from the pump through a heated column and into the saitple areas; it then switches to the flow controlled carrier and challenge streams, in test mode. The sample outlet streams are similarly diverted to the valve for sequencing to either exhaust or detection by the thermal conductivity detector. 
